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Experimental data are reported on isotactic polypropylene in uniaxial multiple-step cyclic tests at room
temperature. The deformation programs involve (i) one- and two-step cyclic tests with a stress-
controlled program (ratcheting with various maximum stresses and the zero minimum stress), (ii)
short-term creep tests on specimens subjected to cyclic deformation, (iii) cyclic tests with a stress-
controlled program on specimens subjected to creep ﬂow, and (iv) triple-step tests (ratcheting with
various maximum stresses interrupted by creep). A pronounced difference is observed in damage
accumulation under creep and cyclic loading. Applicability is discussed of these observations for lifetime
prediction under fatigue conditions.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
This paper deals with experimental investigation of the visco-
elastic and viscoplastic responses of isotactic polypropylene in
multiple-step cyclic tests with stress-controlled programs at ambi-
ent temperature. The objective is twofold: (i) to develop a semi-
empirical method for lifetime prediction under fatigue conditions,
and (ii) to shed some light on the kinetics of damage accumulation
in semicrystalline polymers under complicated deformation pro-
grams (ratcheting tests with various maximum stresses inter-
rupted by creep).
Fatigue failure is conventionally studied within the concept of
continuum damage mechanics (Kachanov, 1986) that characterizes
material deterioration under loading with the help of a (scalar or
vectorial) internal variable D. In the scalar damage theory, D is
associated with speciﬁc volume of defects, and its evolution with
time reﬂects nucleation, growth, and coalescence of microvoids.
Two advantages of this approach are to be mentioned: (i) it pro-
vides simple physical interpretation of damage accumulation at
the micro-level, and (ii) this concept can be incorporated into the
standard thermodynamic framework (Lemaitre and Desmorat,
2005; Voyiadjis and Kattan, 2006). A shortcoming of continuum
damage mechanics is that kinetic equations for the function DðtÞ
are merely phenomenological, which implies that their ability
may be questioned to predict damage accumulation under defor-
mation programs that differ from those where adjustable parame-
ters have been determined. As a classical example, one can refer to
evaluation of damage under creep conditions when parameters in
the damage accumulation law are found by matching observationsll rights reserved.in fatigue tests. The problem becomes essentially complicated for
semicrystalline polymers whose viscoelastic response is conven-
tionally attributed to rearrangement of chains in a polymer net-
work (Tanaka and Edwards, 1992) which may occur without
growth of defects. The latter distinguishes polymers from polycrys-
talline materials, where creep ﬂow reﬂects sliding along crystal
grains accompanied by nucleation and growth of microvoids
(Clayton, 2006; Cailletaud and Sai, 2008; Sangid et al., 2011).
The experimental program involves (i) one-step ratcheting tests
with a ﬁxed strain rate, the zero minimum stress rmin (to avoid
buckling of specimens, rmin ¼ 1 MPa is chosen), and various max-
imum stresses rmax, (ii) two-step ratcheting tests (when cyclic
loading is performed with some maximum stress rmax1 during N1
cycles and another maximum stress rmax2 during N2 cycles), (iii)
two-step creep–ratcheting tests (with creep conducted before or
after cyclic loading), and (iv) three-step ratcheting tests (when cyc-
lic deformations with various maximum stresses rmax1 and rmax2 are
interrupted by a period of creep ﬂow).
Mechanical behavior of polymers and polymer composites in
cyclic tests with stress-controlled programs (ratcheting) has at-
tracted substantial attention in the past ﬁve years (Tao and Xia,
2007a,b, 2008, 2009; Liu et al., 2008, 2010; Kang et al., 2009;
Zhang and Chen, 2009; Zhang et al., 2010; Ayoub et al., 2011;
Drozdov, 2011a). However, our knowledge regarding the
response in multi-step tests is rather limited (Dreistadt et al.,
2009; Lin et al., 2011), and no observations are available in
fatigue tests interrupted by creep and relaxation (the impor-
tance of these experiments for modeling was stressed by Jiang
and Zhang (2008)). Experimental data in tests with complicated
deformation programs on metals and metallic alloys were
recently reported by Chiou et al. (2011), Taleb and Cailletaud
(2011), Zhao and Xuan (2011) and Zheng et al. (2011). A
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can be found in Kang (2008).
As the present study focuses on experimental investigation of
the viscoelastic and viscoplastic responses of polypropylene in uni-
axial tests with complicated loading programs, we do not dwell on
modeling of stress–strain diagrams. It should be noted, however,
that all experimental data can be (and have been) accurately ﬁtted
by means of the constitutive equations developed in Drozdov
(2011a). According to the approach proposed in that work, a semi-
crystalline polymer is modeled as an equivalent one-phase viscoel-
astoplastic medium whose viscoelastic behavior reﬂects
rearrangement of chains in a polymer network (detachment of ac-
tive chains from junctions, and attachment of dangling chains to
the network) and whose viscoplastic response is characterized by
inelastic deformations in crystallites (associated with ﬁne and
coarse slip of lamellar blocks) and the amorphous matrix (attrib-
uted to sliding of junctions between chains with respect to their
reference positions). Damage accumulation is treated as a decay
in energy of interactions between polymer chains in the matrix
and between tie chains and crystalline lamellae.
For a discussion of constitutive models for the viscoplastic re-
sponse of metals (for which the viscoelastic phenomena are of sec-
ondary importance) under stress-controlled cyclic deformations,
the reader is referred to Krempl and Ruggles (1990), Hassan and
Kyriakides (1992), McDowell (1994), Ohno (1998), Bari and Hassan
(2000), Colak (2008) and Chaboche (2008). Modeling of damage,
viscoelasticity, and viscoplasticity of polymers was performed by
Schapery (2000), Miehe and Keck (2000), Kaliske et al. (2001), Ku-
mar and Talreja (2003), Zhang et al. (2005) and Sullivan (2008), to
mention a few.2. Experimental results
Isotactic polypropylene Moplen HP 400R (density 0.90 g/cm3,
melt ﬂow rate 25 g/10 min, melting temperature 161 C) was pur-
chased from Albis Plastic Scandinavia AB (Sweden). Dumbbell
specimens for mechanical tests (ASTM standard D–638) with
cross-sectional area 10.1 mm  4.1 mm were molded by using
injection-molding machine Arburg 320C.
Uniaxial tensile testswere conducted bymeans of universal test-
ing machine Instron–5569 equipped with an electro-mechanical
sensor for control of longitudinal strains. The tensile forcewasmea-
sured by a 5 kN load cell. The engineering stress r was determined
as the ratio of axial force to cross-sectional area of undeformed
specimens.
The experimental program involved 6 series of tests performed
at room temperature. Each test was carried out on a new specimen
and repeated three times. Experimental data demonstrate good
repeatability of measurements. Deviations between maximum
and minimum strains per cycle measured on different specimens
subjected to cyclic deformation did not exceed 2% along the inter-
vals of primary and secondary fatigue and remained less than 15%
along the interval of tertiary fatigue.Fig. 1. Maximum max and minimum min strains versus number of cycles n.
Symbols: observations in ratcheting tests with various rmax MPa (4 – rmax ¼ 29; }
– rmax ¼ 28; H – rmax ¼ 27;  – rmax ¼ 26;  – rmax ¼ 24;  – rmax ¼ 22).2.1. One-step ratcheting tests
The ﬁrst series of experiments involved cyclic tests with stress-
controlled program (ratcheting), cross-head speed 100 mm/min
(which corresponded to strain rate _= 1:7 102 s1), maximum
stresses rmax ¼ 22, 24, 26, 27, 28, and 29 MPa, and minimum stress
rmin ¼ 1 MPa. In each test, a specimen was stretched up to a max-
imum stress rmax with the strain rate _, retracted down to the min-
imum stress rmin with the strain rate  _, reloaded up to the
maximum stress rmax with the strain rate _, unloaded down to
the minimum stress rmin with the strain rate  _, etc. In tests withrmax ¼ 22, 24, and 26 MPa, 300 cycles of loading–unloading were
performed (low-cycle fatigue). Experiments with rmax ¼ 27, 28,
and 29 MPa were conducted until breakage of specimens. In all
tests ductile failure of samples occurred with formation of a neck.
The cross-head speed of 100 mm/min was chosen to ensure that
duration of each cyclic test was less than 1 h. The minimum stress
rmin ¼ 1 MPa was selected (instead of rmin ¼ 0) to avoid buckling
of specimens. The interval of maximum stresses between 22 and
29 MPa was chosen from the following conditions: (i) at
rmax < 22 MPa, maximum strain per cycle max was below 0.02
and minimum strain per cycle min was less than 0.01, which im-
plied that errors in determination of tensile strains became compa-
rable with measurements; (ii) at rmax > 29 MPa, breakage of
samples was observed within a few cycles, which meant that evo-
lution of max and min with number of cycles n could not be cor-
rectly assessed.
Experimental data are reported in Fig. 1, where maximum max
and minimum min strains per cycle are plotted versus n. This type
of presentation of observations allows evolution of maximum
strain (that reﬂects damage accumulation under loading) and min-
imum strain (that characterizes plastic deformation at unloading)
to be evaluated.
According to Fig. 1, the experimental diagrams maxðnÞ and
minðnÞ may be split into three intervals. Along the ﬁrst (corre-
sponding to the stage of primary creep in creep tests), strains
max and min increase nonlinearly with n, and the curves maxðnÞ
and minðnÞ are convex. Along the other interval (corresponding
to the stage of secondary creep), max and min grow practically lin-
early with n. At the last interval (corresponding to the stage of ter-
tiary creep), the dependencies maxðnÞ and minðnÞ become
nonlinear and concave. Introducing rates of growth of maximum
and minimum strains with number of cyclesemax ¼ d
max
dn
; emin ¼ d
min
dn
;we conclude that emax and emin decrease with n along the interval of
primary fatigue, remain constant (and adopt their minimum values)
along the interval of secondary fatigue, and strongly increase with n
at the stage of tertiary fatigue.
Fig. 1 demonstrates (i) a pronounced growth of max and min
with maximum stress per cycle and (ii) a strong decrease in num-
ber of cycles to failure nf with rmax. To evaluate the latter depen-
dence, rmax is plotted versus nf (for tests with rmax ¼ 27, 28 and
Fig. 2. Maximum stress rmax versus number of cycles to failure nf . Symbols:
observations in one-step ratcheting tests () and predictions based on observations
in double-step ratcheting tests (). Solid line: approximation experimental data in
one-step ratcheting tests by Eq. (1) with r0 ¼ 32:53 MPa and r1 ¼ 2:15 MPa.
Fig. 4. Maximum max and minimum min strains versus number of cycles n.
Symbols: experimental data ( – observations in one-step ratcheting test with
rmax ¼ 26 MPa;  – shifted observations in two-step ratcheting test with
rmax1 ¼ 22 MPa along the ﬁrst N1 ¼ 80 cycles and rmax2 ¼ 26 MPa along the other
cycles; H – shifted observations in two-step ratcheting test with rmax1 ¼ 22 MPa
along the ﬁrst N1 ¼ 200 cycles and rmax2 ¼ 26 MPa along the other cycles).
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phenomenological equation
rmax ¼ r0  r1 lognf ; ð1Þ
where log ¼ log10, and the coefﬁcients r0; r1 are calculated by the
least-squares technique.
2.2. Two-step ratcheting tests with increasing amplitude
The other series of experiments involved 10 two-step cyclic
tests with a stress-controlled program and strain rate
_ ¼ 1:7 102 s1. In each test, a specimen was, ﬁrst, subjected
to ratcheting (N1 cycles) with maximum stress rmax1 ¼ 22 MPa
and minimum stress rmin ¼ 1 MPa. Immediately afterwards, cyclic
loading was performed with N2 ¼ 300 cycles, maximum stress
rmax2 , and minimum stress rmin ¼ 1 MPa. Experiments were con-
ducted with rmax2 ¼ 24, 26, 27, 28, 29 MPa and N1 ¼ 80, 200.
Observations are reported in Figs. 3–7, where maximum max
and minimum min strains per cycle are plotted versus n. Experi-Fig. 3. Maximum max and minimum min strains versus number of cycles n.
Symbols: experimental data ( – observations in one-step ratcheting test with
rmax ¼ 24 MPa;  – shifted observations in two-step ratcheting test with rmax1 ¼ 22
along the ﬁrst N1 ¼ 80 cycles and rmax2 ¼ 24 MPa along the other cycles; H – shifted
observations in two-step ratcheting test with rmax1 ¼ 22 MPa along the ﬁrst
N1 ¼ 200 cycles and rmax2 ¼ 24 MPa along the other cycles).mental data on virgin samples (circles) are the same as in Fig. 1.
Data in two-step ratcheting tests (asterisks and stars) are shifted
along the horizontal axis to construct master-curves. Figs. 3–7
demonstrate excellent coincidence of initial and shifted diagrams
maxðnÞ and minðnÞ after some transition periods with ‘‘duration’’
ntr. The quantity ntr strongly decreases with stress increment
Dr ¼ rmax2  rmax1 : it equals 150 at Dr ¼ 2 MPa, 80 at Dr ¼ 5 MPa,
and becomes less than 10 at Dr ¼ 7 MPa.
To characterize horizontal shifts nshift of the experimental
curves maxðnÞ and minðnÞ, an equivalent number of cycles is
introduced
neq ¼ nshiftN1
and the dependencies neqðDrÞ are depicted in Fig. 8. The data are
approximated by the exponential functionFig. 5. Maximum max and minimum min strains versus number of cycles n.
Symbols: experimental data ( – observations in one-step ratcheting test with
rmax ¼ 27 MPa;  – shifted observations in two-step ratcheting test with
rmax1 ¼ 22 MPa along the ﬁrst N1 ¼ 80 cycles and rmax2 ¼ 27 MPa along the other
cycles; H – shifted observations in two-step ratcheting test with rmax1 ¼ 22 MPa
along the ﬁrst N1 ¼ 200 cycles and rmax2 ¼ 27 MPa along the other cycles).
Fig. 6. Maximum max and minimum min strains versus number of cycles n.
Symbols: experimental data ( – observations in one-step ratcheting test with
rmax ¼ 28 MPa;  – shifted observations in two-step ratcheting test with
rmax1 ¼ 22 MPa along the ﬁrst N1 ¼ 80 cycles and rmax2 ¼ 28 MPa along the other
cycles; H – shifted observations in two-step ratcheting test with rmax1 ¼ 22 MPa
along the ﬁrst N1 ¼ 200 cycles and rmax2 ¼ 28 MPa along the other cycles).
Fig. 7. Maximum max and minimum min strains versus number of cycles n.
Symbols: experimental data ( – observations in one-step ratcheting test with
rmax ¼ 29 MPa;  – shifted observations in two-step ratcheting test with
rmax1 ¼ 22 MPa along the ﬁrst N1 ¼ 80 cycles and rmax2 ¼ 29 MPa along the other
cycles; H – shifted observations in two-step ratcheting test with rmax1 ¼ 22 MPa
along the ﬁrst N1 ¼ 200 cycles and rmax2 ¼ 29 MPa along the other cycles).
A
B
Fig. 8. Equivalent number of cycles neq versus stress increment Drmax. Symbols:
treatment of experimental data (A:  – double-step ratcheting tests with N1 ¼ 80;
B:  – double-step ratcheting tests with N1 ¼ 200;  – triple-step test with
N1 ¼ 200). Solid lines: approximation of observations by Eq. (2) with
r ¼ 2:20 MPa.
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; ð2Þ
where r is calculated by ﬁtting data in tests with N1 ¼ 80 with the
help of the method of nonlinear regression. Fig. 8 demonstrates that
(i) Eq. (2) ﬁts adequately the data (although some scatter of obser-
vations should be mentioned), and (ii) the decrease in nf with Dr is
practically independent of N1 (the same level of discrepancies is ob-
served between the data and the theoretical curve in Fig. 8A with
N1 ¼ 80 and Fig. 8B with N1 ¼ 200).
The following interpretation may be suggested for the results
reported in Figs. 3–7. Semicrystalline polymers have limited mem-
ory about deformation history in two-step ratcheting tests. When
rmax2 exceeds rmax1 , this memory fades in a transition period, whose
duration ntr strongly decays with Dr. The only information pre-
served by the polymer is contained in the function neq: the amount
N1neq equals the number of ‘‘equivalent’’ cycles in a cyclic test with
maximum stress rmax2 that correspond to N1 cycles of preloading
with maximum stress rmax1 .It is of interest to compare a damage accumulation law based on
Eqs. (1) and (2) with the conventional Miner equation (Miner,
1945). The fracture condition for a ratcheting test with maximum
stress rmax2 reads
n ¼ nf ðrmax2 Þ;
where nfðrmax2 Þ denotes number of cycles to failure in a cyclic test
with maximum stress rmax2 , and n stands for number of cycles. For
a two-step ratcheting test with maximum stresses rmax1 and
rmax2 ; n is given by
n ¼ N1neq þ n2; ð3Þ
where n2 denotes number of cycles performed after the increase in
maximum stress, and N1neq is the number of cycles under ratchet-
ing with maximum stress rmax2 that is equivalent to N1 cycles of pre-
loading with maximum stress rmax1 . Eqs. (2) and (3) imply that
N1
nf rmax2
  exp Dr
r
 
þ n2
nf rmax2
  ¼ 1:
It follows from Eq. (1) that
nf rmax2
  ¼ nf rmax1  exp  ln 10r1 Dr
 
:
Combination of these equations yields
N1
nf rmax1
  exp ln10
r1
 1
r
 
Dr
 
þ n2
nf rmax2
  ¼ 1: ð4Þ
When the expression in square brackets vanishes, Eq. (4) is trans-
formed into the linear damage accumulation law. For the material
parameters found by treatment of observations depicted in Figs. 2
and 8, the exponential term exceeds unity, which implies that Eq.
(4) ascribes a higher weight to damage accumulation at preloading
compared to the Miner rule. For other modiﬁcations of the linear
cumulative damage law, the reader is referred to Grell et al.
(2007) and Guedes (2008).
2.3. Two-step ratcheting tests with decreasing amplitude
The third series of experiments involved 4 two-step cyclic tests
with stress-controlled program and strain rate _ ¼ 1:7 102 s1.
In each test, a specimen was, ﬁrst, subjected to ratcheting
(N1 ¼ 80 cycles) with some maximum stress rmax1 and minimum
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performed with N2 ¼ 520 cycles, maximum stress rmax2 ¼ 22 MPa,
and minimum stress rmin ¼ 1 MPa. Tests were conducted with
rmax1 ¼ 22, 24, 26, and 28 MPa.
Experimental data are reported in Fig. 9, where maximum max
and minimum min strains per cycle are plotted versus n. In all
tests, minimum strain per cycle min monotonically increases with
number of cycles, whereas the maximum strain per cycle max
demonstrates a non-monotonic behavior. When rmax1 > rmax2 , the
function maxðnÞ monotonically grows at the stage of preloading,
rapidly decreases at the beginning of the second step of the cyclic
deformation program, and increases (linearly with n) afterwards.
An advantage of our approach (when two strains max and min
are reported separately) compared to the conventional presenta-
tion of data (when only ratcheting strain r ¼ 12 ðmax þ minÞ is mea-
sured) is that it captures an increase in minðnÞ at the beginning of
the second step of cyclic loading, where the function rðnÞ mono-
tonically decreases.
To characterize rate of growth of maxðnÞ and minðnÞ at the sec-
ond step of ratcheting, the data depicted in Fig. 9 are approximated
by the linear functions
max ¼ max0 þ emaxn; min ¼ min0 þ eminn; ð5Þ
with coefﬁcients max0 ; 
min
0 , e
max; emin calculated by the least-
squares method (for cycles n = 350–600). The rate of growth of
maximum strain emax monotonically decreases with rmax1 (from
1:25 105 at rmax1 ¼ 22 MPa to 7:71 106 at rmax1 ¼ 24 MPa,
5:16 106 at rmax1 ¼ 26 MPa, and 4:18 106 at rmax1 ¼ 28 MPa).
The dependence of rate of growth of minimum strain emin on rmax1
is non-monotonic (this quantity equals 1:23 105 at
rmax1 ¼ 22 MPa, 7:48 106 at rmax1 ¼ 24 MPa, 5:88 106 at
rmax1 ¼ 26 MPa, and 6:55 106 at rmax1 ¼ 28 MPa). When rmax1 ex-
ceeds 24 MPa, emin becomes higher than emax. Estimating Young’s
modulus by means of the formula
E ¼ r
max
2  rmin
max  min ;
we conclude that E increases with number of cycles. Such an in-
crease in elastic modulus (called dynamic self-stiffening or cyclic
strengthening) was recently reported by Carey et al. (2011) on poly
(dimethylsiloxane)/carbon nanotube hybrids and Drozdov (2011b)Fig. 9. Maximum max and minimum min strains versus number of cycles n.
Symbols: experimental data in two-step ratcheting tests with various rmax1 MPa
along the ﬁrst N1 ¼ 80 cycles ( – rmax1 ¼ 22; } – rmax1 ¼ 24;  – rmax1 ¼ 26; H –
rmax1 ¼ 28) followed by ratcheting with rmax2 ¼ 22 MPa.on semicrystalline polymers in cyclic tests with a strain-controlled
program.
Based on observations in Figs. 3–7, one can presume that cyclic
preloading with maximum stress rmax1 > rmax2 causes shift of the
diagrams maxðnÞ and minðnÞ (measured along the second step of
deformation programs) to higher values of n. It seems natural to
suppose that shifted diagrams reach the stage of secondary fatigue
(which is characterized by a linear dependence of max on n and a
minimum value of rate of growth of maximum strain emax (see
the discussion of observations in Fig. 1)), provided that damage
accumulation along the ﬁrst step of two-step cyclic deformation
is sufﬁciently large. In other words, by increasing rmax1 and N1 in
a two-step cyclic deformation program and measuring emax along
the second step of this program, an estimate of the minimum strain
rate (corresponding to the stage of secondary fatigue) can be
obtained.
To examine this hypothesis, additional tests were conducted
with rmax1 ¼ 27 MPa and N1 ¼ 200 and 300 (the maximum stress
at the second step rmax2 ¼ 22 MPa remained ﬁxed). Experimental
diagrams maxðnÞ and minðnÞ are depicted in Fig. 10 together with
their approximations by Eq. (5). Fitting of these curves implies that
emax ¼ 1:08 106 at N ¼ 200 and emax ¼ 1:13 106 at N ¼ 300,
which means that emax  1:1 106 for the interval of secondary
fatigue with rmax ¼ 22 MPa.
To evaluate accuracy of this ﬁnding, we apply a semi-empirical
method proposed by Janssen et al. (2008). According to this ap-
proach, duration of intervals of primary and tertiary fatigue may
be neglected compared with that of secondary fatigue. The growth
of maximum strain per cycle max with number of cycles n at the
stage of secondary fatigue is described by Eq. (5), where
dmax=dn is the minimal rate of growth of maximum strain deter-
mined in two-step ratcheting tests. Fatigue failure occurs when
maximum strain reaches its ultimate value max ¼ 0:12 (this value
corresponds to transition from secondary to tertiary fatigue in
Fig. 1). These assumptions imply that number of cycles to failure
is given by
nf ¼ 
max
  max0
emax
: ð6Þ
Results of these calculations for rmax ¼ 22 MPa are depicted in
Fig. 2, which shows good agreement with predictions grounded
on Eq. (1).Fig. 10. Maximum max and minimum min strains versus number of cycles n.
Symbols: experimental data in two-step ratcheting tests with rmax1 ¼ 27 MPa along
the ﬁrst N1 cycles ( – N1 ¼ 200; H – N1 ¼ 300) and rmax2 ¼ 22 MPa along the other
cycles. Solid lines: approximation of observations by Eq. (5).
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The fourth series of tests involved 4 short-term creep test on
specimens subjected to cyclic deformation with strain rate
_ ¼ 1:7 102 s1, maximum stress rmax ¼ 22 MPa, minimum
stress rmin ¼ 1 MPa, and various numbers of cycles N ¼ 0, 10,
100, and 200. All creep tests were conducted with stress
r ¼ 22 MPa that coincided with the maximum stress at cyclic
preloading.
First, a creep test was carried out on a virgin sample. The spec-
imen was stretched with strain rate _ ¼ 1:7 102 s1 up to the re-
quired stress r. Afterwards, an increase in strain was monitored as
a function of time while the stress was preserved constant. Follow-
ing the ASTM protocol D-2990, duration tcr ¼ 20 min was chosen
for short-term creep tests. Then, experiments were performed on
samples subjected to cyclic preloading. In these tests, immediately
after the last retraction, specimens were stretched to stress
r ¼ 22 MPa with strain rate _ ¼ 1:7 102 s1, the stress was
ﬁxed, and strain was measured as a function of time.
Experimental data in creep tests are reported in Fig. 11, where
creep compliance J ¼  0 is plotted versus creep time
t0 ¼ t  t0. Here 0 stands for strain at the instant t0, when creep
ﬂow starts.
Fig. 11 reveals that all compliance curves coincide within the
experimental accuracy. This conclusion appears to be rather unex-
pected as conventional models in viscoelasticity with account for
damage presume a strong effect of damage accumulation at cyclic
preloading on the time-dependent response in creep and relaxa-
tion tests (Schapery, 2000; Kumar and Talreja, 2003; Sullivan,
2008). On the other hand, the data in Fig. 11 conﬁrm the assump-
tion of Drozdov (2011a) that the inﬂuence of damage may be ne-
glected (at least, as a ﬁrst approximation) in the analysis of
viscoelastic behavior of polymers in low-cycle fatigue tests.
The conclusion regarding independence of viscoelastic proper-
ties of polypropylene of damage accumulation should be treated
with caution. Deﬁnitely, the same coincidence of creep compliance
curves as in Fig. 11 can be expected at low values of r ¼ rmax,
when the amount of accumulated damage remains small. How-
ever, the situation with creep at higher stresses r ¼ rmax > 22 MPa
is unclear as creep compliance curves become unstable even in
one-step creep tests with rP 24 MPa (Drozdov and Christiansen,
2009) due to transition to tertiary creep ﬂow within the experi-
mental timescale. This instability can be avoided by carrying outFig. 11. Creep compliance J versus creep time t0 . Symbols: experimental data in
creep tests with stress r ¼ 22 MPa on specimens subjected to ratcheting with
rmax ¼ 22 MPa and various numbers of cycles N (} – N ¼ 0;  – N ¼ 10;  –
N ¼ 100; H – N ¼ 200).two-step ratcheting–creep tests with rmax > r, but in the latter
case, duration of the transition period (which takes about 200 cy-
cles for two-step ratcheting tests, see Fig. 10) exceeds duration of
short-term creep tests.
2.5. Creep–ratcheting tests
The ﬁfth series of experiments was conducted to examine the
effect of creep ﬂow on the mechanical response of polypropylene
under cyclic deformation. This series involved 3 series of two-step
creep–ratcheting tests.
In tests of the ﬁrst series, a specimen was stretched up to the
stress r ¼ 22 MPa with strain rate _ ¼ 1:7 102 s1. Then, the
stress was preserved constant, and an increase in strain  was
monitored during time tcr. After this period, retraction was per-
formed with strain rate _ ¼ 1:7 102 s1 down to minimum
stress rmin ¼ 1 MPa. Immediately afterwards, cyclic loading was
conducted (N ¼ 400 cycles) with the same strain rate, maximum
stress rmax ¼ 26 MPa and minimum stress rmin. Four experiments
were carried out with tcr ¼ 2, 5, 7, and 10 min.
Observations are reported in Fig. 12, where maximum max and
minimum min strains per cycle are plotted versus number of cycles
n. Unﬁlled circles indicate experimental data in cyclic test on a vir-
gin sample. Other symbols present shifted (down along the vertical
axis) observations on specimens subjected to creep ﬂow with var-
ious durations tcr. For each set of data, shift was performed to
achieve the best agreement with the experimental diagrams
maxðnÞ and minðnÞ on virgin samples at large (n > 300) numbers
of cycles. Fig. 12 shows that after a transition period (which may
depend on duration of creep), the shifted curves maxðnÞ and
minðnÞ coincide with appropriate curves measured in the one-step
ratcheting test.
The following interpretation is suggested for the fact that mas-
ter-curves maxðnÞ and minðnÞ can be constructed after appropriate
transition periods by merely vertical shifts. Under creep, plastic
deformation arises in polypropylene that contains temporary and
permanent components. The temporary component decays with
time during the transition period (due to fading memory of defor-
mation history), while the permanent component remains un-
changed and characterizes shift of the experimental diagrams.
The dependence of permanent plastic strain p (vertical shift) on
creep time tcr is reported in Fig. 13. The data are approximated
by the linear functionFig. 12. Maximum max and minimum min strains versus number of cycles n.
Symbols: experimental data ( – observations in one-step ratcheting test with
rmax ¼ 26 MPa; other symbols: shifted observations in ratcheting tests with
rmax ¼ 26 MPa on samples subjected to creep at r ¼ 22 MPa with various durations
tcr min: } – tcr ¼ 10; H – tcr ¼ 7;  – tcr ¼ 5;  – tcr ¼ 2).
Fig. 13. Permanent plastic strain p versus creep time tcr. Symbols: treatment of
experimental data in two-step creep–ratcheting tests with various r and rmax MPa
( – r ¼ 22; rmax ¼ 28;  – r ¼ 22; rmax ¼ 27;  – r ¼ 22; rmax ¼ 26; N –
r ¼ 20; rmax ¼ 27; 4 – r ¼ 20; rmax ¼ 26). Solid lines: approximation of observa-
tions by Eq. (7) with _p ¼ 1:19 105 s1 (r ¼ 20 MPa) and _p ¼ 3:28 105 s1
(r ¼ 22 MPa).
Fig. 15. Maximum max and minimum min strains versus number of cycles n.
Symbols: experimental data ( – observations in ratcheting test with
rmax ¼ 28 MPa;  – shifted observations in ratcheting test with rmax ¼ 28 MPa on
sample subjected to creep at r ¼ 22 MPa for tcr ¼ 10 min).
A.D. Drozdov / International Journal of Solids and Structures 50 (2013) 815–823 821p ¼ _ptcr; ð7Þwhere the coefﬁcient _p is found by the least-squares method.
Fig. 13 demonstrates an acceptable agreement between the exper-
imental data and their ﬁt by Eq. (7).
As the absence of horizontal shifts in construction of master-
curves for two-step creep–ratcheting tests is a rather strong asser-
tion which cannot by conﬁrmed unambiguously by observations
depicted in Fig. 12 (these data do not cover the interval of tertiary
fatigue), two additional groups of tests were conducted in which
ratcheting was continued up to breakage of specimens.
The second series of tests involved creep tests with stress
r ¼ 22 MPa and durations tcr ¼ 7 and 10 min followed by cyclic
deformations with maximum stress rmax ¼ 27 MPa and minimum
stress rmin ¼ 1 MPa. Observations in these experiments are re-
ported in Fig. 14, where the experimental diagrams maxðnÞ and
minðnÞ are depicted for a virgin sample together with shiftedFig. 14. Maximum max and minimum min strains versus number of cycles n.
Symbols: experimental data ( – observations in ratcheting test with
rmax ¼ 27 MPa;  – shifted observations in ratcheting test with rmax ¼ 27 MPa on
sample subjected to creep at r ¼ 22 MPa for tcr ¼ 7 min;H – shifted observations in
ratcheting test with rmax ¼ 27 MPa on sample subjected to creep at r ¼ 22 MPa for
tcr ¼ 10 min).(along the vertical axis) diagrams for specimens suffered creep
ﬂow at r ¼ 22 MPa for various amounts of time.
In the last series, a specimen was, ﬁrst, subjected to creep with
stress r ¼ 22 MPa for tcr ¼ 10 min and, afterwards, to ratcheting
with maximum stress rmax ¼ 28 MPa and minimum stress
rmin ¼ 1 MPa. Fig. 15 presents experimental diagrams maxðnÞ and
minðnÞ in a ratcheting test with rmax ¼ 28 MPa and rmin ¼ 1 MPa
on a virgin specimen and shifted diagrams for the sample suffered
creep before cyclic deformation.
Figs. 14 and 15 demonstrate good agreement between the
observations on virgin samples (up to fatigue failure) and shifted
data on specimens subjected to creep ﬂow before cyclic deforma-
tion. Appropriate vertical shifts are depicted in Fig. 13, which
shows that permanent plastic strains determined by vertical shifts
of data in tests with various rmax are in good accord with Eq. (7).
To validate these results, two creep–ratcheting tests were con-
ducted, in which specimens suffered creep with r ¼ 20 MPa for
tcr ¼ 10 min were subjected to ratcheting with maximum stresses
rmax ¼ 26 and 27 MPa and minimum stress rmin ¼ 1 MPa. After
vertical shifts of the experimental diagrams maxðnÞ and minðnÞ,Fig. 16. Maximum max and minimum min strains versus number of cycles n.
Symbols: experimental data ( – observations in ratcheting test with
rmax ¼ 26 MPa;  – shifted observations in ratcheting test with rmax ¼ 26 MPa on
sample subjected to ratcheting with rmax1 ¼ 22 MPa and N1 ¼ 200 cycles followed
by creep at r ¼ 22 MPa for tcr ¼ 10 min).
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ﬁgures are omitted for the sake of brevity). Permanent plastic
strains (vertical shifts) determined in these tests are depicted in
Fig. 13 together with their approximation by Eq. (7). This ﬁgure
demonstrates a strong increase in the rate of growth of permanent
plastic strain with stress r at which creep was performed.
It is worth noting that our results do not contradict the conven-
tional standpoint that damage accumulation occurs in polypropyl-
ene under creep ﬂow. This phenomenon was (i) explicitly
accounted for by several models for irreversible deformations in
polycrystalline media (Mentl and Capek, 2006; Grell et al., 2007;
Guedes, 2008) where it was linked with evolution of microstruc-
ture, and (ii) conﬁrmed by observations in AFM tests on semicrys-
talline polymers (Detrez et al., 2011). Figs. 12, 14 and 15 show that
damage accumulation is of secondary importance at the stages of
primary and secondary creep (when growth of permanent plastic
deformation occurs mainly). It becomes substantial at the stage
of tertiary creep which, however, is excluded from consideration
in our experiments due to instability of observations.
2.6. Triple-step tests
To validate the assumption that damage (horizontal shifts of the
diagrams maxðnÞ and minðnÞ) is accumulated under cyclic defor-
mation, whereas creep results in growth of permanent plastic
strain (vertical shifts of the diagrams maxðnÞ and minðnÞ), a series
of 2 triple-step ratcheting–creep–ratcheting tests was conducted.
In each test, a specimen was subjected to ratcheting (200 cy-
cles) with strain rate _ ¼ 1:7 102 s1, maximum stress
rmax1 ¼ 22 MPa, and minimum stress rmin ¼ 1 MPa. Immediately
afterwards, it was stretched with the same strain rate up to stress
r ¼ 22 MPa, subjected to creep for tcr ¼ 10 min, and unloaded
down to rmin ¼ 1 MPa. Then, cyclic deformation was applied with
strain rate _ ¼ 1:7 102 s1, maximum stress rmax2 , and minimum
stress rmin ¼ 1 MPa. Experiments were performed with rmax2 ¼ 26
(400 cycles) and 27 MPa (up to failure of samples).
Observations in ratcheting tests with rmax ¼ 26 and 27 MPa on
virgin specimens are depicted in Figs. 16 and 17 together with
shifted (horizontally and vertically) diagrams on samples sub-
jected to cyclic preloading and creep. Vertical shift of diagrams
was chosen from the theoretical dependence depicted in Fig. 13,
while horizontal shifts were determined to ensure the best agree-
ment between non-shifted and shifted diagrams. Figs. 16 and 17Fig. 17. Maximum max and minimum min strains versus number of cycles n.
Symbols: experimental data ( – observations in ratcheting test with
rmax ¼ 27 MPa;  – shifted observations in ratcheting test with rmax ¼ 27 MPa on
sample subjected to ratcheting with rmax1 ¼ 22 MPa and N1 ¼ 200 cycles followed
by creep at r ¼ 22 MPa for tcr ¼ 10 min).show that the curves maxðnÞ and minðnÞ practically coincide after
some transition periods (whose durations strongly decrease with
Dr). Appropriate horizontal shifts are reported in Fig. 8, which re-
veals fair agreement with data in two-step ratcheting tests.3. Discussion
Our aim now is to examine effectiveness of two preloading pro-
grams (stress-controlled cyclic deformation and creep) as means of
‘‘acceleration’’ of damage accumulation in polypropylene speci-
mens and their applicability for lifetime prediction with the help
of engineering formulas analogous to Eq. (6).
The experimental study demonstrates that under both preload-
ing programs, evolution of maximum strain per cycle ~max with
number of cycles n in a ratcheting test with maximum stress
rmax2 can be described by the equation
~maxðnÞ ¼ maxðnþ N1neqÞ þ pðtcrÞ; ð8Þ
where maxðnÞ stands for maximum strain per cycle for a virgin (not
suffered preloading) specimen, and p denotes permanent plastic
strain arising under creep conditions. It is worth stressing that Eq.
(8) is valid after an appropriate transition period only. The ﬁrst term
in the right-hand side of Eq. (8) characterizes horizontal shift of the
diagram maxðnÞ induced by cyclic preloading with maximum stress
rmax1 , and the other term characterizes vertical shift of this diagram
driven by creep ﬂow with stress r.
Differentiation of Eq. (8) with respect to n implies that
d~max
dn
ðnÞ ¼ d
max
dn
ðnþ N1neqÞ: ð9Þ
According to Eq. (9), creep ﬂow does not affect the rate of growth of
maximum strain and cannot be recommended as a means for accel-
eration of fatigue tests. On the contrary, Eq. (9) shows that stress-
controlled cyclic deformation with maximum stress rmax1 exceeding
maximum stress in the main test rmax2 may be of help for lifetime
prediction. By increasing the quantity N1neq (choosing higher values
of N1 and/or neq depending of experimental conditions), one can
reach the second stage of fatigue in tests with a reasonable number
of cycles n, and, afterwards, use d~max=dn as an estimate of emax in
Eq. (6) for prediction of number of cycles to failure nf .
It is worth noting that segregation between the effects of creep
and ratcheting in Eq. (8) is grounded on our observations in tests
with a ﬁxed strain rate _. We expect that changes in _ will affect
the coefﬁcient r in Eq. (2) for neq only. This assertion, however, re-
quires experimental validation which is beyond the scope of the
present study.4. Concluding remarks
Experimental data are reported on isotactic polypropylene in
multi-step uniaxial tensile cyclic tests with a constant strain rate
at room temperature. The program involves (i) one-step ratcheting
tests with various maximum stresses, (ii) two-step ratcheting tests
with various maximum stresses at different steps, (iii) two-step
ratcheting–creep tests (when creep is conducted before and after
cyclic loading), and (iv) three-step ratcheting–creep–ratcheting
tests. Observations are presented in the form of dependencies of
maximum max and minimum min strains per cycle versus number
of cycles n.
Two characteristic features are revealed of the mechanical re-
sponse of polypropylene subjected to multi-step cyclic deforma-
tion: (i) damage accumulation under ratcheting (characterized by
shifts of diagrams maxðnÞ and minðnÞ along the horizontal axis
for construction of master-curves), and (ii) growth of permanent
A.D. Drozdov / International Journal of Solids and Structures 50 (2013) 815–823 823plastic strain under creep (characterized by vertical shifts of the
experimental curves maxðnÞ and minðnÞ).
A semi-empirical method is suggested for lifetime prediction
under fatigue conditions (when number of cycles to failure nf can-
not be determined experimentally). The approach is grounded on
the following hypotheses: (i) the intervals of primary and tertiary
fatigue are negligible compared with the interval of secondary fa-
tigue, (ii) fatigue rupture occurs when the maximum strain per cy-
cle reaches its ultimate value, (iii) the rate of growth of maximum
strain per cycle with number of cycles emax at the stage of second-
ary fatigue can be estimated as the minimum rate of increase in
maxðnÞ measured after cyclic preloading.Acknowledgment
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